Laser Doppler velocimetry measurements of particle velocity fluctuations in a concentrated suspension
The dynamic response of the 57 vol./vol. % dense spherical silica particle-polyethylene glycol suspension at high pressure was investigated through short pulsed laser induced shock experiments. The measured back free surface velocities by a photonic Doppler velocimetry showed that the shock and the particle velocities decreased while the shock wave transmitted in the shear thickening fluid (STF), from which an equation of state for the STF was obtained. In addition, the peak stress decreased and the absorbed energy increased rapidly with increasing the thickness for a thin layer of the STF, which should be attributed to the impact-jammed behavior through compression of particle matrix, the deformation or crack of the hard-sphere particles, and the volume compression of the particles and the polyethylene glycol. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4913423] Impact resistance and explosive protection of materials are widely studied respects for many years. Many kinds of materials such as metal foams, 1,2 ceramics, 3, 4 and granular materials [5] [6] [7] are found to show excellent high impact resistance at high pressure and high strain rates. However, the irreversible deformations are happened for these kinds of materials after a single impact. For instance, during an impact most of metal foams experience large plastic deformation and are crashed ultimately, and ceramics generate numerous cracks and are pulverized into small pieces. Recently, shear thickening fluid (STF) is observed to show high energy absorption behavior through viscous dissipation during shear deformation. [8] [9] [10] [11] More important, the energy absorption process of STF is observed to be reversible. 8, 12, 13 It has been regarded as a kind of advanced materials for designing composite materials and structures with high impact resistance.
In this letter, the dynamic response of a dense monodisperse suspension of hard-sphere colloidal particles at high pressure was studied. The shear thickening is a non-Newton behavior in which the viscosity increases with shear stress or shear rate while exceeding a minimum shear strain. The shear thickening behavior is observed to be result of particles rearrangement from an ordered state to a disordered state, e.g., formation of jamming particle clusters. 8, 11 The viscosity recovers rapidly when the shear loading is removed. 11 Due to the excellent energy absorption behavior STF has founded applications in variety of fields such as damping, 14 armor, [15] [16] [17] [18] to name a few. Since the impact resistance of STF is dynamic by nature, it is crucial to understand the dynamic response of the suspensions itself under dynamic loading at various pressures and strain rates. Lim et al. 12 studied the energy absorption behavior of STF using a modified SHPB setup. However, to date, studies on the impact resistance of STF have been limited to relative low pressures. The dynamic response of STF at high pressure is required to better understand the impact resistant of STF at a wide range of pressure. Here, this letter is to investigate the dynamic response of the STF at pressure up to several GPa. 20 The results showed that the shock and the particle velocities, the shock pressure, and the shock energy decrease rapidly while propagating through a thin layer of STF. Saturation behaviors of the shock attenuation and energy absorption of the STF were observed.
The STF studied in this letter based on silica sphere particles with an average diameter of 300 nm (density q silica ¼ 1.950 g/cc, sound velocity C silica ¼ 5,869 m/s) and polyethylene glycol (density q PEG ¼ 1.127 g/cc, bulk modulus K PEG ¼ 3.05 GPa, sound velocity C PEG ¼ 1,650 m/s) with a particle volume fraction of 57%. The dynamic response of the STF at high pressure was studied by laser shock experiments equipped with an in-situ shock diagnostic system for measuring back free surface velocities as depicted in Fig. 1 . The STF is sealed within two aluminum plates with a size of U25.4 Â 0.5 mm and a 1045 steel gasket with an inner diameter of 21.4 mm with the aid of silicon greases. Using a gasket with different thickness, the STF thickness in the assembled target varies from 0.12 to 5.08 mm. The laser irradiated surface of each assembled target is glued with a 40-lm-thick aluminum foil as an absorption layer, confined firmly by a 4-mm-thick BK7 glass against the laser irradiation. A Q-switched Nd:YAG laser (near-Gaussian temporal distribution and flat spatial distribution) of 2.5 J per shot with a FWHM of about 10 ns is utilized. The focused laser diameter is 3.6 mm corresponding to a laser power density of 2.43 GW/cm 2 , leading to a shock pressure of 4.62 GPa. 20 A photonic Doppler velocimetry (PDV) [21] [22] [23] [24] is used to capture the particle velocities during laser shocked. As shown in target, a part of the wave will reflect due to the impedance mismatch of the aluminum plates and the STF, and some rest of the shock wave will ultimately go through the assembled target and arrive at the back free surface of the right aluminum plate, causing the first peak velocity v m . The consequential peak velocities, which are separated from the first peak, will also arrive due to the multireflection of shock wave in the assembled target. Note that only the elastic waves of the aluminum plates denoted by a wave speed C 1 and a constant wave speed of the STF denoted by C 2 are given in Fig. 2 to clearly show the analysis method. In the actual analysis, the plastic wave speed is used while the stress exceeds the Hugoniot elastic limit (HEL) of 2024 aluminum material that equals to 0.55 GPa. 25 Moreover, the wave speed of the STF, C 2 , will be calculated according to the PDV results. A characteristic analysis 26 was used to analyze the dynamic response of the STF with the first velocity peak value.
The experimental and the analysis procedure are as follows. First, the back free surface velocity of the left aluminum plate, denoted by v free1 , is measured directly without the STF specimen and the right aluminum plate. The stress at the left surface of the STF specimen (point 2) could be calculated
where (qc) STF and (qc) Al are the shock impedances of the STF and the 2024 aluminum, respectively. Then the back free surface velocity of the assembled target, denoted by v free2 , is measured. An empirical attenuation law in 2024 aluminum material 20 is undertaken to calculate the particle velocity at the point 4, denoted by v 4 . The stress at the right surface (point 3) could be obtained
In the experiments, the laser power densities were kept almost constant to ensure the same r 2 for each experiment, whereas different r 3 were obtained by varying the STF thickness from 0.12 to 5.08 mm. Average shock velocities, C STF_h , within a small thickness increment of the STF and the shock attenuation could also be analyzed according to the arriving time of the PDV signals. Moreover, the absorbed energy by the STF could also be determined as
where A shock is supposed to be the laser shocked area, and T 1 and T 2 are the durations of r 2 and r 3 , respectively. The measured v free1 is plotted in Fig. 2(a) . The elastic precursor was not obvious. The particle velocity increased rapidly to a peak value of about 372.0 m/s at 130 ns, corresponding to a stress r 1 of 3.31 GPa, 25 which is consistent with the result from a previous developed model. 20 Then it decreased to 179.9 m/s at 160 ns and increased a little again after that, indicating the spallation of the aluminum material. Since the spallation may occur during the laser shock, the arising duration, T, was taken to calculate the energy absorption of the STF in the following analysis.
The measured v free2 for various thicknesses and temperatures of the STF are shown in Figs. 2(a) and 2(b). The first peak particle velocity decreased rapidly from about 207 m/s to about 38 m/s with increasing the STF thickness from 0.12 to 1.5 mm. The small difference of particle velocity for the same STF thickness experiments was ascribed to the uncontrolled elastic deformation of the steel gasket while clamping the assembled target. The first peak velocity decreased relative slowly with increasing the STF thickness while exceeding 1.5 mm. Moreover, as the closed test temperatures were undertaken, the results of 21.0 C and 27.2 C did not show obvious difference beside the tests with a thickness of about 2 mm. A relative high peak velocity was observed for the thickness 1.97 mm at 21.0 C should be ascribed to the elastic deformation of the steel gasket while preparing the assembled target.
Based on the PDV results, the average shock velocities along the thickness of the STF is calculated and plotted in Fig. 3(a) . The average shock velocities decreased exponentially with increasing the STF thickness. Suppose that the STF has a similar Gr€ uneisen equation of state (EOS) as U s ¼ C 0 þ SU p , 25 the parameters C 0 and S are calculated to be 2.05 mm/ls and 5.324, respectively, by fitting the relationship between the average shock velocities and the first peak velocities as depicted in Fig. 3(a) . The stress attenuation is given in Fig. 3(b) . The peak stress decreased exponentially from 1.73 GPa to about 68 MPa with increasing the STF thickness. The corresponding energy absorption is shown in Fig. 3(b) . The equivalent energy absorption behavior of the STF with a 62 vol./vol. % particle volume fraction at pressures ranging from 36 MPa to 48 MPa was also depicted in Fig. 3(b) , in which the average absorbed energy per unit volume from Jiang et al.
12 was used to calculate the equivalent absorbed energy with different STF thickness. When compared to the energy absorption behavior at relative low pressure, the absorbed energy increased rapidly with increasing the STF thickness for a layer of STF less than 1 mm. The saturation of stress attenuation and the energy absorption were observed while the thickness of the STF exceeded 2 mm.
The fast increase of the energy absorption in a thin STF layer should be ascribed to three reasons. One is the impact induced jamming behavior of the STF under shock induced shock. The study by Waitukaitis and Jaeger 8 showed that the particles inside the suspension were forced across the jamming transient and an impact-jammed solid through the compression of the particle matrix was rapidly growing while a rod impacts the STF directly. The impact induced jamming behavior could also occur during laser shock, leading to the energy dissipation by overcoming the short-range hydrodynamic lubrication force between the particles. The second might be the deformation or crack of hard-sphere particles while collision after the formation of the jamming. The third should be the volume compressibility of the hard-sphere particles and the polyethylene glycol at high pressure, 25 leading to the further energy dissipation.
After the shock wave transmits a certain distance in the STF, the shock pressure and the particle velocity decrease to relative low values. The energy dissipation by overcoming the short-range hydrodynamic lubrication force between the particles becomes much slowly. Also, the deformation or crack of the hard-sphere particles as well as the volume compressibility of the particles and the polyethylene glycol could be neglected. In addition, the previous studies 8, 19, [27] [28] [29] [30] showed that critical conditions were required to occur the shear thickening in STF. A minimum strain might be not obtained in several tens of nanoseconds to occur the shear thickening behavior when the particle velocity decays to a relative low value, leading to the saturations of the stress attenuation and the energy absorption in the STF. Note that the critical saturation thickness of the STF should be depended on the amplitude of the shock wave. Dimensional analysis 31 will be performed to investigate the dynamic response of the STF in future.
In summary, the dynamic response of the STF at high pressure was investigated by laser shock experiments. The results showed that the particle and the shock velocities decreased rapidly while the shock wave transmitted in the STF, from which an EOS for the STF was obtained. In addition, the stress attenuation and the energy absorption of the STF were obtained. The saturations of the stress attenuation and the energy absorption were observed. The fast increase of the energy absorption in a thin layer of the STF should be attributed to the impact-jammed behavior through compression of particle matrix, the deformation or crack of the hard-sphere particles, and the volume compression of the particles and the polyethylene glycol.
